Introduction {#s1}
============

In Taiwan, lung cancer is the leading cause of cancer death and it causes more than 8,500 deaths per year [@pone.0097888-Lee1]. More than half the patients diagnosed with lung cancer present with metastatic disease. Non-small-cell lung cancer (NSCLC) accounted for more than 85% of all lung cancer. The median survival is only 4--6 months for advanced or metastatic NSCLC patients when untreated [@pone.0097888-Wakelee1]. Systemic chemotherapy provides survival benefit and relieves cancer-related symptoms for these patients. Platinum-based (cisplatin or carboplatin) doublets are the standard treatment for these patients with good performance status. Despite recent advances in the treatment, with the number of attractive treatment options for patients with NSCLC increasing, the five-year survival rate is only about 13--20% [@pone.0097888-Wakelee1], [@pone.0097888-Ramalingam1].

The concept of maintenance therapy in lung cancer has stirred a great deal of interest over the last decade. Several randomized studies have been conducted to find out the usefulness of maintenance therapies for advanced NSCLC [@pone.0097888-Edelman1]. Pemetrexed, a compound that belongs to the family of thymidylate synthase inhibitors, has been widely used in cancer chemotherapy. Pemetrexed is currently used in combination with cisplatin for first line treatment of advanced NSCLC and malignant pleural mesothelioma. Pemetrexed in combination with cisplatin provided better efficacy than other doublet chemotherapy and attractive tolerability in treatment of nonsquamous NSCLC. In addition, pemetrexed maintenance therapy may further extend progression free survival and overall survival in these patients [@pone.0097888-Greenhalgh1].

The presumed mode of action of pemetrexed is to halt DNA replication through its effects on cellular deoxynucleotide pools; collisions of DNA replication forks with these complexes convert them into DNA double-strand breaks (DSBs), subsequent induction of S-phase growth arrest, and potentially lethal lesions that may trigger apoptosis [@pone.0097888-Gonen1]. Pemetrexed has demonstrated broad antitumor activity against several types of human cancer cells, including NSCLC [@pone.0097888-Britten1]--[@pone.0097888-Teicher2], and is clinically used as a maintenance therapy after cisplatin-based doublet chemotherapy in advanced NSCLC [@pone.0097888-Teicher2]. Understanding the mechanisms underlying the antitumour properties of pemetrexed is needed for optimization of therapeutic targeting by pemetrexed. To date, however, the targets and anticancer mechanisms of this compound remain largely unclear.

The oncoprotein Akt (also known as protein kinase B, PKB) is recognized to be a primary mediator of the downstream effects of phosphatidylinositol 3-kinase (PI~3~K), coordinating a variety of intracellular signals and, thus, controlling cell responses to extrinsic stimuli, regulating cell proliferation and survival, and promotes cell surviva and proliferation [@pone.0097888-Vadlakonda1]. Increased Akt activation is a hallmark of diverse neoplasias providing both proliferative and antiapoptotic survival signals [@pone.0097888-Vadlakonda2]--[@pone.0097888-Khan1]. Although the role of the PI~3~K/Akt pathway in cell survival is well established, there are some exceptions where PI~3~K and Akt are obviously involved in promotion of cell death [@pone.0097888-Aki1]--[@pone.0097888-Shack1]. Recent studies have shown that Akt/PKB is activated by DNA damaging agents [@pone.0097888-Narayan1]. These findings raise the possibility that Akt may be activated by pemetrexed during DNA damage. A previous report demonstrated that pemetrexed induced the activation of the PI~3~K/Akt pathway, which is inhibited by a specific PI~3~K inhibitor, Ly294002 [@pone.0097888-Li1]. However, the role of Akt activation in pemetrexed-mediated cellular and molecular events and its mechanisms are unclear. Our previous report demonstrated that pemetrexed induced S-phase arrest and apoptosis of human NSCLC A549 cells via both ERK-CDK2/cyclin A and ataxia telangiectasia mutated (ATM)-p53 activation pathways [@pone.0097888-Yang1], [@pone.0097888-Yang2]. The present study was undertaken to determine: 1) whether pemetrexed activates Akt in human NSCLC A549 cells; 2) the role of Akt activation in pemetrexed-mediated growth arrest and cell death; and 3) whether activation of Akt plays a role in pemetrexed-induced growth arrest and apoptotic cell death, and, if so, by what mechanisms. Surprisingly, we found that prolonged Akt activation caused by pemetrexed treatment resulted in increased Cdk2/cyclin A activity leading to cell cycle arrest and apoptosis.

Materials and Methods {#s2}
=====================

Reagents {#s2a}
--------

Pemetrexed (Alimta) was obtained commercially from Lilly Research Laboratories (Eli Lilly, Indianapolis, IN, USA) and dissolved in sterile distilled water at a stock concentration of 1 mM. Anti-phospho-Akt^S473^ (\#4060), Wortmannin (\#9951), and 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-1 (Ly294002) (\#9901) were purchased from Cell Signaling Technology (Danvers, MA., USA). Anti-β-actin (sc-47778), anti-Cdk2 (sc-6248), anti-Cyclin A (sc-751), anti-Cyclin E (sc-198), anti-GSK3β sc-81462) anti-phospho-GSK3β (sc-81494), Akt siRNA (sc-29195) were purchased from Santa Cruz (Santa Cruz, CA., USA). Propidium iodide (PI) was obtained from Sigma Chemical Company (St. Louis,Mo., USA). Hoechst 33342 (\#H1399) was obtained from Invitrogen Detection Technologies (Eugene, Oregon, USA). A terminal deoxynucleotidyl transferase-mediated dUTP-fluorescinnick end-labeling (TUNEL) assay kit was purchased from Life Technology (\#23210) (Carlsbad, CA., USA). Anti-phospho-Histone H1 (\#06-570) was purchased from Merck Millipore (Billerica, MA., USA).

Cell culture {#s2b}
------------

Human lung cancer A549 and H1299 cells were obtained from American Type Culture Collection (ATCC; Manassas, VA., USA). Both cell lines were cultured in RPMI 1640 supplemented with 5% fetal bovine serum, 2 mM glutamine, and antibiotics (100 unit/ml penicillin and 100 µg/ml streptomycin), at 37°C in a 5% CO~2~ humidified atmosphere. Culture medium was changed every two days.

Determination of cell cycle distribution {#s2c}
----------------------------------------

Cells were treated with pemetrexed, and then trypsinized and washed with phosphate-buffered saline (PBS), and fixed in 75% ethanol at 4°C for 30 min. The fixed cells were washed with PBS and incubated with 100 µg/ml RNase A and propidium iodide (40 µg/ml) at 37°C for 30 min. Cells were collected and analyzed by a flow cytometer (Becton Dickinson, Mountain View, CA, USA). Cell cycle distribution was analyzed using Cell-FIT software (Becton Dickinson, Mountain View, CA, USA).

Protein preparation and western blotting analysis {#s2d}
-------------------------------------------------

Cells were cultured without or with pemetrexed for indicated time periods. Cell lysate was extracted as described elsewhere [@pone.0097888-Yang1]. Protein content was determined by the Bradford method. For western blot analysis, equal amounts of protein samples were separated by sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and blotted onto PVDF membrane, and then blocked with Tris-buffered saline with 0.1% Tween-20 and 5% non-fat dry milk at room temperature for 1 h. Primary antibody was used to react with the blots at 4°C overnight, and then the blots were incubated with horseradish peroxidase-labeled secondary antibody. Immunoreactive bands were visualized using a Western Lightning Chemiluminescence kit (Perkin Elmer LAS, Inc. Waltham, MA., USA). To confirm specific effects on activation of the Akt, total cell lysates were separated by SDS-PAGE and subjected to western blotting the transferred membrane was blocked with 1% of BSA for 1 h followed by adding anti-phospho-Akt-Ser^473^ antibody 4°C overnight, and then the blots were incubated with horseradish peroxidase-labeled secondary antibody in 1% of BSA. Immunoreactive bands were visualized using Western Lightning Chemiluminescence kit (Perkin Elmer LAS, Inc. Waltham, MA., USA).

Apoptotic cell determination {#s2e}
----------------------------

Cells were washed with cold PBS. Apoptotic cells were determined by a terminal transferase-mediated dUTP fluorescein nick end-labeling (TUNEL) assay. Labeled cells were detected by flow cytometry.

Caspase-3 activity assay {#s2f}
------------------------

Cell lysates were prepared and the caspase-3 activity was measured according to the manufacturer\'s instruction (\#BF-1100) (R&D Systems, Minneapolis, Min., USA). Briefly, total protein (250 µg) was added into a reaction mixture including the fluorogenic peptide substrate (100 µM DEVD-AFC) specific for caspase-3, incubated at 37°C for 2 h. Fluorescence intensity was assessed using a Fluorescence plate reader (Fluoroskan Ascent; Labsystems, Helsinki, Finland) by exciting at 405 nm and emitting at 510 nm.

Immunoprecipitation and Cdk2 kinase activity assay {#s2g}
--------------------------------------------------

In vitro Cdk2 kinase activity assay using histone H1 as the substrate was performed by a non-radioactive assay. Briefly, 300 µg of protein lysates from each sample was precleared with protein A/G-sepharose beads, and then anti-human Cdk2 antibody was mixed with cell lysates in the presence of 20 µl of protein G-sepharose beads, rotating at 4°C overnight. After washing with kinase reaction buffer, the histone H1 kinase activity of the immunocomplex was determined by incubation in 30 µl of kinase buffer \[25 mM Tris-HCl pH 7.5, 5 mM β-glycerophosphate, 0.5 mM DTT, 0.1 mM Na~3~VO~4~, 20 mM MgCl~2~ and a serine/threonine phosphatase inhibitor cocktail (\#20-201) (Merck Millipore, Billerica, MA., USA), 200 µM ATP, 0.5 mg/ml histone H1\]. The kinase reaction was performed at 30°C for 45 minutes. The reaction was terminated by the addition of 10 µl of 4 x Laemmli sample buffer followed by boiling for 10 min. The end products were resolved on 12% SDS-polyacrylamide gel and detected by immunoblotting with phosphorylated histone H1 antibody.

Immunofluorescence {#s2h}
------------------

Cells were seeded onto coverslips, treated with or without pemetrexed for the indicated period, and then cells were harvested and washed three times with PBS, fixed with 4% paraformaldehyde for 30 min at room temperature and permeabilized with 0.5% Triton X-100 for 30 min. After blocking in 1% bovine serum albumin, cells were incubated with an antibody against phospho-Akt^S473^ at 37°C for 1 h. Cells were then washed three times with PBS and detected with rhodamine-conjugated secondary antibodies. Hoechst 33342 was used to visualize cell nuclei. Cells were observed and photographed by confocal microscopy (FV1000) (Olympus, Tokyo, Japan).

siRNA transfection {#s2i}
------------------

For siRNA transfection experiments, cells were plated onto 6 well (2×10^5^ per well) plates overnight, and then transiently transfected with Lipofectamine 2000 (\#11668027) (Life Technology, Carlsbad, CA., USA) supplemented with Akt siRNA (10 and 25 nM). At 16 h post-transfection, cells were incubated without or with pemetrexed for the indicated time period. Subsequently, cells were collected for detection of the expressed levels of Akt protein by immunoblotting.

Statistical analysis {#s2j}
--------------------

All data were presented as mean±S.D. from three separate experiments. Statistical differences were evaluated using the Student\'s t-test and considered significant at the \*p\<0.05, \*\*p\<0.01, or \*\*\*p\<0.001 level. The figures shown in this study were representative from at least three independent experiments with similar pattern.

Results {#s3}
=======

Pemetrexed-mediated Akt activation is accompanied by S-phase arrest and apoptotic cell death {#s3a}
--------------------------------------------------------------------------------------------

Growing evidence shows that an Akt activated pathway plays a key role in cell cycle G1 to S phase progression [@pone.0097888-Liang1]. Previous studies demonstrated that pemetrexed induces an epidermal growth factor receptor-mediated activation of the Akt pathway [@pone.0097888-Li1], [@pone.0097888-Tekle1]. Our recent reports indicate that pemetrexed induces cell cycle S-phase arrest in human NSCLC A549 cells [@pone.0097888-Yang1], [@pone.0097888-Yang2]. To examine the status of Akt in pemetrexed-treated cells, human NSCLC A549 cells were treated with pemetrexed for various time points. After treatment, the amount of S-phase population and apoptotic cell were assessed, the total cellular protein extracts were prepared and analyzed for phospho-specific Akt (Ser^473^) and total Akt proteins by immunoblot assay. As shown in [Fig. 1](#pone-0097888-g001){ref-type="fig"}, the level of phosphorylated Akt was increased by the pemetrexed treatment in a time- ([Fig. 1A](#pone-0097888-g001){ref-type="fig"}) and dose-dependent ([Fig. 1B](#pone-0097888-g001){ref-type="fig"}) manner, whereas the level of total Akt was relatively unchanged after pemetrexed treatment, indicating that the phosphorylated Akt levels were not due to differences in the abundance of total Akt protein. We also examined the phosphorylation status of GSK-3β, a known substrate of Akt. Indeed, the phosphorylation of GSK-3β correlated directly with the Akt phosphorylation status, supporting the view that the Akt pathway is functionally activated. In the meantime, the ratio of S-phase population and apoptotic cells was also increased by pemetrexed treatment ([Figs. 1A & 1B](#pone-0097888-g001){ref-type="fig"}).

![Activation of Akt pathway by pemetrexed.\
(A) Akt activation in a time course dependent manner. Human lung adenocarcinoma A549 cells were treated without or with 1 µM pemetrexed for 0, 4, 8, 12, 24, and 48 h, and then cell lysates were isolated. (B) Akt activation occurred in a concentration dependent manner. A549 cells were treated with 0, 0.1, 0.3 and 1 µM pemetrexed for 48 h. After treatment, the levels of total Akt, phosphorylated Akt, total GSK3β, and phosphorylated GSK3β were examined by Western blot analysis. β-Actin was used as an internal loading control. The proportion of S-phase population and apoptotic cells was determined as described in the Materials and Methods section.](pone.0097888.g001){#pone-0097888-g001}

Activation of the Akt signaling pathway contributes to pemetrexed-mediated S-phase arrest and apoptosis {#s3b}
-------------------------------------------------------------------------------------------------------

To characterize whether pemetrexed-induced Akt activation and biological events were PI~3~K-dependent, A549 cells were pretreated with the PI~3~K-specific inhibitors, wortmannin and Ly294002, the levels of phosphorylated Akt and GSK3β were examined. As shown in [Fig. 2A](#pone-0097888-g002){ref-type="fig"}, in the presence of PI~3~K inhibitors, the pemetrexed-stimulated Akt and GSK3β phosphorylated activation were greatly diminished. However, treatment with PI~3~K inhibitor alone showed no significant difference in comparison with untreated control cells (data not shown). These results demonstrated that the elevated phosphorylated Akt was likely dependent on PI~3~K activity.

![PI~3~K inhibitors suppress pemetrexed-induced Akt and GSK3β activation, S-phase arrest, cell apoptosis and caspase-3 activation.A549 were pretreated with 10 µM Ly294002 or 3 µM wortmannin (inhibitors of PI~3~K/Akt) for 2 h, and then 1 µM pemetrexed was added.\
(A) the levels of Akt and GSK3β and (B) the cell cycle distribution were determined for 24 h after pemetrexed treatment. (C) Cell apoptosis and (D) the caspase-3 activity were examined after 72 h pemetrexed incubation. \*\*P\<0.01, \*\*\*P\<0.001.](pone.0097888.g002){#pone-0097888-g002}

Next, the effect of wortmannin and Ly294002 on pemetrexed-mediated S-phase arrest and cell viability were investigated. Wortmannin and Ly294002 effectively decreased pemetrexed-mediated S-phase arrest ([Fig. 2B](#pone-0097888-g002){ref-type="fig"}), while treatment with these two inhibitors alone showed no significant difference in cell cycle distribution compared to untreated cells (data not shown). These data indicate that PI~3~K/Akt activation facilitates the progression of cells from G1 into S phase in A549 cells, and that inhibition of Akt activity by wortmannin and Ly294002 prevents S-phase entrance. PI~3~K/Akt activation has been shown to exhibit both pro-apoptotic and anti-apoptotic effects in a variety of cellular systems [@pone.0097888-Lu1], [@pone.0097888-Shack1], [@pone.0097888-Stiles1]--[@pone.0097888-Maddika1]. To define the role of activated Akt in pemetrexed-induced apoptosis, A549 cells were incubated with 1 µM pemetrexed in the presence or absence of wortmannin and Ly294002 for 48 h andapoptosis was determined by TUNEL assay and caspase-3 activation. Results showed that wortmannin and Ly294002 significantly reduced apoptotic cells ([Fig. 2C](#pone-0097888-g002){ref-type="fig"}) and caspase-3 activity ([Fig. 2D](#pone-0097888-g002){ref-type="fig"}) induced by pemetrexed. However, treatment with these two PI~3~K inhibitors alone did not affect the cell viability and caspase-3 activity in comparison with untreated control cultures (data not shown). Moreover, knockdown of Akt expression using Akt-specific siRNA reduced the level of Akt protein ([Fig. 3A](#pone-0097888-g003){ref-type="fig"}), and blocked pemetrexed-mediated S-phase arrest ([Fig. 3B](#pone-0097888-g003){ref-type="fig"}). Under these conditions, we also found that A549 cells were more resistant to pemetrexed as determined by quantifying the apoptotic cells ([Fig. 3C](#pone-0097888-g003){ref-type="fig"}) and caspase-3 activity ([Fig. 3D](#pone-0097888-g003){ref-type="fig"}). These results indicate that the sustained activation of Akt is responsible for cell cycle S-phase arrest and cell death signaling in pemetrexed-treated A549 cells.

![Knockdown of Akt by siRNA diminishes pemetrexed-induced S-phase arrest and apoptosis.\
Cells were transfected with 10 and 25-specific siRNA or scrambled siRNA for 16 h, and then incubated with 1 µM pemetrexed for 24 h; (A) the expression levels of Akt, and (B) cell cycle distribution were examined. (C) Apoptotic cells and (D) caspase-3 activity were assessed after 72 h pemetrexed treatment. \*\*\*P\<0.001.](pone.0097888.g003){#pone-0097888-g003}

Akt translocates to the nucleus during pemetrexed-induced cell death {#s3c}
--------------------------------------------------------------------

Akt is commonly considered as a survival and proliferation promoting kinase. In the presence of pemetrexed, however, sustained activated Akt acts as a pro-apoptotic molecule, as its inhibition significantly blocks the cell death pathways induced by pemetrexed. Previous reports have shown that constitutive activation and nuclear localization of Akt promotes apoptosis in the presence of several chemotherapeutic drugs and apoptin [@pone.0097888-Maddika1], [@pone.0097888-Maddika2]. To further characterize the proapoptotic properties of Akt, the effect of pemetrexed on the cellular distribution of phosphor-Akt^S473^ was examined. As shown in [Fig. 4A](#pone-0097888-g004){ref-type="fig"}, phosphor-Akt^S473^ localized mainly in the cytoplasm, but slightly dispersed in the nucleus of untreated A549 cells. After treatment with pemetrexed, phosphor-Akt^S473^ gradually translocated and accumulated in the nucleus in a concentration-dependent manner. Time course experiments revealed that upon pemetrexed treatment, the majority of Akt was translocated to the nucleus within 12 h ([Fig. 4B](#pone-0097888-g004){ref-type="fig"}), a time that clearly preceded induction of S-phase arrest and cell death. It continued to accumulate in the nucleus even after 48 h of treatment. The nuclear localization of Akt is dependent on the upstream activation of PI~3~K, as the inhibition of PI~3~K activity by Ly294002 and wortmannin diminished the nuclear localization of Akt induced by pemetrexed ([Fig. 4C](#pone-0097888-g004){ref-type="fig"}). These results indicated that pemetrexed triggered the sustained activation and prolonged nuclear translocation of Akt in A549 cells.

![Akt translocates to the nucleus during pemetrexed-induced cell death.\
(A) A549 cells were treated with 0, 0.1, 0.3, and 1 µM pemetrexed for 48 h, and (B) A549 cells were treated with 1 µM pemetrexed for 0, 12, 24, and 48 h. After treatment, the subcellular distribution of p-Akt^S473^ was detected by confocal microscopy after immunostaining with anti-phospho-Akt^S473^ and Rhodamine-conjugated secondary antibody. Hoechst 33342 was used to counter stain nuclei, and the images were overlaid to determine the Akt localization within the cell. (C) Inhibiton of Akt activation by Ly294002 and wortmannin blocked Akt nuclear accumulation. A549 cells were pretreated with 10 µM Ly294002 or 3 µM wortmannin for 2 h, and then 1 µM pemetrexed was added for another 48 h. The subcellular distribution of p-Akt^S473^ was detected by immunocytochemistry.](pone.0097888.g004){#pone-0097888-g004}

Inhibition of Akt inactivates Cdk2/Cyclin A-associated kinase activity {#s3d}
----------------------------------------------------------------------

Our previous report demonstrated that pemetrexed-induced apoptosis was closely associated with S-phase accumulation, as well as sustained Cdk2/cyclin A-associated kinase activation in human non-small cell lung cancer A549 cells [@pone.0097888-Yang1]. To measure the activation of Cdk2 kinase activity, the in vitro kinase assay with histone H1 as the substrate was performed. Cdk2 activity was elevated in the presence of pemetrexed as indicated by histone H1 phosphorylation ([Fig. 5A](#pone-0097888-g005){ref-type="fig"}). By coimmunoprecipitation, we next determined whether active Cdk2 was associated with Cyclin E or Cyclin A. As shown in [Fig. 5A](#pone-0097888-g005){ref-type="fig"}, Cyclin A- but not Cyclin E-associated Cdk2 showed enhanced phosphorylation of histone H1, suggesting that only Cyclin A/Cdk2 was activated in pemetrexed-treated cells.

![Inhibition of Akt activation suppresses pemetrexed-induced Cdk2 activation.\
(A) Pemetrexed stimulates Cdk2/Cyclin A-associated kinase activity. A549 cells were treated with 0, 0.3, and 1 µM pemetrexed for 24 h, and then protein lysates were isolated. Total protein (500 µg) was incubated with anti-Cdk2 antibody for immunoprecipitation of a Cdk2 kinase complex. Recombinant histone H1 protein was used as a substrate for the Cdk2 kinase activity assay. The levels of immunoprecipitated Cdk2, Cyclin A and Cyclin E were determined by immunoblotting with anti-Cdk2, anti-Cyclin A and anti-Cyclin E antibodies. β-Actin was used as an internal loading control. (B) Pharmacological inhibition of Akt activity decreases Cdk2 activity in pemetrexed-treated cells. A549 cells pretreated with 10 µM Ly294002 or 3 µM wortmannin for 2 h, and then 1 µM pemetrexed was added for another 24 h. The Cdk2 kinase activity and protein level were examined as above mentioned. (C) Knock down Akt expression by Akt specific siRNA reduces Cdk2 kinase activity. A549 cells were transfected with 25 nM of Akt-specific siRNA or scrambled siRNA for 16 h, and then incubated with 1 µM pemetrexed for 24 h, the Cdk2 kinase activity and protein levels were examined as above mentioned.](pone.0097888.g005){#pone-0097888-g005}

It has been shown that Akt phosphorylates Cdk2 both in vitro and in vivo during cell cycle progression and apoptosis [@pone.0097888-Maddika2]. We next examined whether the increased Cdk2 activity during a pemetrexed-induced event was dependent on Akt activation. [Fig. 5B](#pone-0097888-g005){ref-type="fig"} showed that Cdk2 was activated only when the Akt pathway remained intact. Prevention of Akt activation by wortmannin and Ly294002, two pharmacological PI~3~K inhibitors, strongly reduced Cdk2 activity. However, the Cdk2 activity of wortmannin and Ly294002 treatment alone was not altered in comparison with untreated cells (data not shown). In addition, knockdown of Akt expression by siRNA significantly attenuated pemetrexed-induced Cdk2 activity ([Fig. 5C](#pone-0097888-g005){ref-type="fig"}). These results therefore suggest that pemetrexed-induced Cdk2 activation required an intact PI~3~K/Akt pathway.

Pemetrexed-induced apoptosis was also through an Akt-Cdk2 activated axis in H1299 cells {#s3e}
---------------------------------------------------------------------------------------

Our previous study demonstrated that the antitumor activities of pemetrexed were mediated by induction of S-phase arrest and apoptosis in both A549 and H1299 cell lines [@pone.0097888-Yang2]; we next expanded our study to include H1299 cells. Consistently, treatment with pemetrexed significantly stimulated the Akt and GSK3β activation ([Fig. 6A](#pone-0097888-g006){ref-type="fig"}) and Akt nuclear accumulation ([Fig. 6B](#pone-0097888-g006){ref-type="fig"}). This event was accompanied by Cdk2/Cyclin A-associated kinase activation ([Fig. 6C](#pone-0097888-g006){ref-type="fig"}). Moreover, wortamannin and Ly294002 diminished pemetrexed-mediated Cdk2 activation ([Fig. 7A](#pone-0097888-g007){ref-type="fig"}), S phase arrest ([Fig. 7B](#pone-0097888-g007){ref-type="fig"}), apoptosis ([Fig. 7C](#pone-0097888-g007){ref-type="fig"}) and caspase-3 activity ([Fig. 7D](#pone-0097888-g007){ref-type="fig"}) in H1299 cells. However, these cellular and molecular events were not affected by wortmannin and Ly294002 treatment alone when compared to untreated cells (data not shown). These results indicate that activation of Akt-Cdk2/Cyclin A axis was one of the mechanisms for pemetrexed-mediated anti-lung cancer effect.

![Activation of Akt and Cdk2 are occurred in pemetrexed-treated H1299 cells.\
(A) Pemetrexed stimulates Akt pathway activation. H1299 cells were treated with 0, 0.1, 0.3 and 1 µM pemetrexed for 48 h. After treatment, the levels of total Akt, phosphorylated Akt, total GSK3β, and phosphorylated GSK3β were examined by Western blot analysis. β-Actin was used as an internal loading control. The proportion of S-phase population and apoptotic cells were determined as described in the Materials and Methods section. (B) Nuclear accumulation of Akt occurred in pemetrexed-treated H1299 cells. Cells were treated with 0, 0.1, 0.3, and 1 µM pemetrexed for 48 h, the subcellular distribution of p-Akt^S473^ was detected by confocal microscopy after immunostaining with anti-phospho-Akt^S473^. Hoechst 33342 was used to counterstain nuclei. (C) Pemetrexed activated Cdk2/Cyclin A-associated kinase in H1299cells. H1299 cells were treated with 0, 0.3, and 1 µM pemetrexed for 24 h, and then protein lysates were isolated. The Cdk2 kinase activity and the levels of Cdk2, Cyclin A and Cyclin E were determined.](pone.0097888.g006){#pone-0097888-g006}

![Pharmacological inhibition of Akt reduced pemetrexed-mediated Cdk2 activation, S-phase arrest and apoptosis in H1299 cells.\
Cells were pre-treated with wortmannin or Ly294002 for 2 h, and then treated with 1 µM pemetrexed, (A) the Cdk2 kinase activity and protein level were examined and (B) cell cycle distribution analysis was performed after 24 h treatment; (C) apoptotic cells and (D) caspase-3 activity were estimated after 72 h pemetrexed administration.](pone.0097888.g007){#pone-0097888-g007}

Discussion {#s4}
==========

Pemetrexed has been reported to induce the selective death of tumor cells derived from diverse tissues or organs, whereas it has low toxicity to nontransformed cells [@pone.0097888-Welsh1]. Several studies demonstrated that pemetrexed-induced apoptosis was closely related to S-phase accumulation in human cancer cells [@pone.0097888-Tonkinson1]--[@pone.0097888-Tonkinson2]. In advanced non-squamous non-small cell lung cancer, pemetrexed is approved and commonly used as maintenance therapy after first-line chemotherapy [@pone.0097888-Greenhalgh1]. It is well documented that pemetrexed acts as a thymidylate synthase inhibitor that interrupts the synthesis of DNA in tumor cells, resulting in decreased growth and induced death of the tumor cells. Clinically, thymidylate synthase has been suggested as a predictive biomarker for pemetrexed treatment in NSCLC patients [@pone.0097888-Takezawa1]. However, the thymidylate synthase gene ubiquitously exists in normal and cancer cells, meaning that it may not be used to extensively explain the responsiveness to pemetrexed. It is possible that there are existed other potential biomarkers which may predict pemetrexed response. In an attempt to clearly elucidate the mechanism of the tumoricidal activity of pemetrexed in NSCLC, we previously identified components of the ERK and ATM signaling pathways as toxic determinants of pemetrexed in NSCLC A549 and H1299 cell lines [@pone.0097888-Yang1], [@pone.0097888-Yang2]. In this study, we provide for the first time a molecular mechanism for the unexpected proapoptotic role of the PI~3~K/Akt pathway by demonstrating that pemetrexed stimulated activation and nuclear retention of Akt, Cdk2/cyclin A is activated downstream of Akt. The sustained activation of Akt and Cdk2/Cyclin A-associated kinase leads to S-phase arrest and apoptosis in human NSCLC cell lines.

AKT, also known as protein kinase B (PKB), is a proto-oncoprotein and the central downstream effector molecule of the PI~3~K pathway. It is activated by interaction with the PtdIns(3,4,5)P3 and subsequent phosphorylation at S473 and T308 sites mediated by PDK1 and PDK2. Activation of PI~3~K/Akt signaling pathway in cells can maintain cell survival through inhibition of apoptosis by targeting BAD, caspase-9, NF-κB and FKHRL1 [@pone.0097888-Cantley1]. Additionally, Akt controls cell cycle progression by directly or indirectly targeting p21^waf1^, p27^kip1^, cyclin D, c-Myc, and GSK-3β [@pone.0097888-Liang1]. It has been reported that prolonged activation of Akt causes a G2-M phase cell cycle arrest [@pone.0097888-Maddika2], [@pone.0097888-Alvarez1]. In contrast to the role of the Akt pathway in cell proliferation and cell survival, Akt has also been shown to be involved in promotion of cell death [@pone.0097888-Aki1]--[@pone.0097888-Nimbalkar1]. A previous study showed that unscheduled Akt activation leads to apoptosis [@pone.0097888-vanGorp1]. Sustained activation of Akt induced by both methotrexate and docetaxel not only played a role in cell cycle arrest but also has a very crucial role in apoptosis in human breast cancer MCF7 cells [@pone.0097888-Maddika2]. Pemetrexed has been shown to induce an epidermal growth factor receptor-mediated activation of the PI~3~K/Akt pathway and S-phase block in A549 cells, which was inhibited by a specific PI~3~K, Ly294002 [@pone.0097888-Li1]. Besides, Li *et al*., demonstrated an increase of Akt-Ser473 by pemetrexed in both dose- and time-dependent manners in erlotinib-resistant A549 cells [@pone.0097888-Li1]. Moreover, Bischof *et al*., showed that the administration of pemetrexed to human dermal microvascular endothelial cells induced the phosphorylation of Akt-Ser473 [@pone.0097888-Bischof1]. In agreement with these studies, we found that prolonged Akt activation was accompanied by the S-phase arrest and apoptosis in pemetrexed-treated NSCLC cell lines. In contrast to its extensively documented antiapoptotic effect, the activated Akt appears to play a crucial role in pemetrexed-induced toxicity, as both pretreatment of cells with the pharmacological inhibitors (wortmannin and Ly294002) and knockdown Akt expression by Akt-specific siRNA significantly abrogated S-phase arrest and improved the survival of pemetrexed-treated A549 cells ([Figs. 2](#pone-0097888-g002){ref-type="fig"} & [3](#pone-0097888-g003){ref-type="fig"}). These results suggest that prolonged and continuous activation of Akt contributes to pemetrexed-induced S-phase arrest and apoptotic cell death. However, several studies showed conflicting results regarding the modulation of phospho-Akt levels by pemetrexed. The decrease of phospho-Akt levels may contribute to the increased apoptosis after pemetrexed treatment in human lung cancer A549 cells [@pone.0097888-Tekle1], [@pone.0097888-Giovannetti1] and in human malignant pleural mesothelioma cell lines [@pone.0097888-Giovannetti2]. The reason for the controversial findings in modulation of phospho-Akt by pemetrexed remains to be determined, but may relate to the discrepancy between drug exposure conditions and different sensitivities of experimental methods.

Cell cycle progression is controlled by a set of Cyclins/Cdks complexes, and their abnormal expression may play an important role in the pathogenesis of human cancers [@pone.0097888-Grana1]. It is well known that Cdk2/Cyclin A complex plays a key role in DNA synthesis and S-phase progression [@pone.0097888-Huang1], [@pone.0097888-Neganova1]. Increased expression of Cyclin A has been detected in many types of human cancers, which appears to be of prognostic values such as prediction of survival or early relapse [@pone.0097888-Yam1]. It has been reported that the tumor tissue negativity for Cyclin A expression predicts a favorable outcome in human NSCLC [@pone.0097888-Volm1]. Several studies suggest that increased gene expression and enhanced kinase activity of Cdk2/Cyclin A plays an essential role in S-phase arrest and/or apoptosis [@pone.0097888-Adachi1]-[@pone.0097888-Zhan1]. Cdk2 activity has been shown to be selectively up-regulated and that this up-regulation is required for the induction of apoptosis by ginsenoside Rh2 [@pone.0097888-Jin1], panaxadiol [@pone.0097888-Jin2], and etoposide [@pone.0097888-Choi1] in various cancer cell lines. Our previous study provided strong evidence that ERK1/2-dependent Cdk2/Cyclin A-associated kinase activation is an important mediator of pemetrexed-induced S-phase arrest and apoptosis [@pone.0097888-Yang1]. This study showed that pemetrexed-induced Cdk2/Cyclin A activation was PI~3~K/Akt signaling pathway dependent. Using the PI~3~K inhibitors (Ly294002 and wortamanin) as well as small interference RNA knockdown Akt expression resulted in a loss of Cdk2/Cyclin A expression and kinase activity ([Figs. 2A](#pone-0097888-g002){ref-type="fig"} & [3A](#pone-0097888-g003){ref-type="fig"}), and significantly decreased S-phase arrest ([Figs. 2B](#pone-0097888-g002){ref-type="fig"} & [3B](#pone-0097888-g003){ref-type="fig"}) and cell death ([Figs. 2C](#pone-0097888-g002){ref-type="fig"} & [3C](#pone-0097888-g003){ref-type="fig"}) upon pemetrexed treatment. Similarly, Eapen *et al*. Showed that cytokines stimulate Cdk2 activation through a PI~3~K/Akt-dependent signaling pathway and promote cell cycle progression during γ-IR-induced DNA damage in hematopoietic cells [@pone.0097888-Eapen1]. Another report demonstrated that erythropoietin and interleukin-3 activate a PI~3~K/Akt-Cdk1/2 signaling pathway; this signaling axis can override cisplatin-induced growth arrest checkpoints, thereby sensitizing hematopoietic cells to DNA damage-induced death [@pone.0097888-Nimbalkar1]. Maddika *et al.* reported that Cdk2 is a novel target for Akt and has a role not only during cell cycle progression but also during apoptosis [@pone.0097888-Maddika1], [@pone.0097888-Maddika2]. These findings suggest that Cyclin A-Cdk2 regulated cell cycle arrest and apoptosis are PI~3~K/Akt dependent.

In this study, the downstream targets for Cdk2/Cyclin A during S-phase arrest and cell death induced by pemetrexed have not yet been clarified. Cdk2/Cyclin A has been shown to act upstream of mitochondrial cytochrome c release in the apoptosis pathway [@pone.0097888-Ding1], [@pone.0097888-Jin1]. A recent report indicated that sustained activation of Cyclin A-Cdk2 triggers Rad9 phosphorylation and thereby promotes the interaction of Rad9 with Bcl-xL and the subsequent initiation of the apoptotic program in HeLa cells [@pone.0097888-Zhan1]. Our previous study showed that pemetrexed-induced both death receptor- and mitochondria-dependent apoptosis in A549 cells. Whether Cyclin A-Cdk2-mediated Rad9 phosphorylation and interaction with Bcl-xL is another mechanism involved in pemetrexed-induced cell death needs to be explored. Further identification of additional Cdk2/Cyclin A targets might provide clues about the different roles of Cdk2/Cyclin A in cell cycle progression and apoptosis.

Growing evidence strongly suggests that nuclear-cytoplasmic shuttling of certain pro-apoptotic kinases, including PKCδ[@pone.0097888-Yoshida1]-[@pone.0097888-DeVriesSeimon1], DYRK2 [@pone.0097888-Taira1] and c-Abl [@pone.0097888-Yoshida2], [@pone.0097888-Raina1] is essential for induction of apoptosis in response to DNA damage or various cell-death stimuli. Interestingly, here we showed that Akt was sustained activated and accumulated in the nucleus during pemetrexed treatment and that this was required for its S-phase arrest and cell-death inducing activities ([Figs. 4](#pone-0097888-g004){ref-type="fig"}, [5](#pone-0097888-g005){ref-type="fig"}, & 6). This result is consistent with the finding that the nuclear translocation and activation of Akt, resulting in the subsequent phosphorylation and activation of Cdk2, is required for apoptin-induced apoptosis [@pone.0097888-Maddika1], [@pone.0097888-Maddika3]. Akt is predominantly expressed in the cytoplasm. Maddika *et al* demonstrated that activated Akt may translocate to the nucleus during the S phase and may phosphorylate Cdk2 and promote cytoplasmic Cdk2 localization during late S and G2 phases of the normal cell cycle. In addition to their role in cell cycle progression, the Akt/Cdk2 pathway has been also shown to promote apoptosis in response to several death-inducing stimuli, including methotrexate and docetaxel [@pone.0097888-Maddika2]. These results reveal that transient and cell-cycle regulated activation of Akt and shuttling between the nucleus and the cytoplasm is characteristic for normal activation by pro-survival pathways during cell cycle progression [@pone.0097888-Maddika2]. Conversely, prolonged activation and nuclear accumulation of Akt promotes apoptosis. These findings indicate that sustained activation of Akt/Cdk2 and aberrant subcellular distribution might contribute to the induction of cell cycle arrest and/or cell death of these kinases. Importantly, Akt has no nuclear localization signal. It may require additional nuclear targeting partners for its nuclear translocation, whereas precise regulation for the nucleus-cytoplasm shuttling of Akt remains unclear and needs to be further explored.

Our previous reports indicated that pemetrexed induced the apoptosis of A549 (wild-type p53) and H1299 (p53 null) lung cancer cell lines [@pone.0097888-Yang1], [@pone.0097888-Yang2], suggesting that p53 is important but not necessary for pemetrexed-induced cell death. The present study further showed that pemetrexed-induced S-phase arrest and apoptosis were via the activation of Akt-Cdk2 axis in both A549 and H1299 cell lines. Our findings clearly indicate that the pemetrexed-induced signaling pathways and antitumor effects in lung cancer cells are through both p53-dependent and p53-independent pathways.

In conclusion, our results show for the first time that the sustained activation and nuclear accumulation of Akt contribute to pemetrexed-induced S-phase arrest and apoptosis in human NSCLC A549 and H1299 cell lines. Akt activation stimulated Cdk2/Cyclin A-associated kinase activation and then promoted the movement of cells into the S phase, and prolonged and unscheduled activation of Akt and Cdk2/Cyclin-A might create a cellular disharmony which eventually led to apoptosis ([Fig. 8](#pone-0097888-g008){ref-type="fig"}). Due to pemetrexed having a lower cytotoxicity to normal cells, our findings may have clinical relevance considering the fact that tumor cells usually have overexpressed Cyclin-A, Cdks, and Akt activity [@pone.0097888-Yam1], [@pone.0097888-Dai1]--[@pone.0097888-Gadgeel1]. The clinical efficacy of pemetrexed in the treatment of patients with non-small cell lung cancer, especially those with high Akt kinase activity and Cdk2/Cyclin-A expression, is worthy of further investigation.

![Schematic representation of the molecular mechanisms of pemetrexed-induced growth arrest and cell death in human NSCLC cell lines.](pone.0097888.g008){#pone-0097888-g008}
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